Background: Drugs of abuse elevate brain dopamine levels, and, in vivo, chronic drug use is accompanied by a selective decrease in dopamine D2 receptor (D2R) availability in the brain. Such a decrease consequently alters the ratio of D1R:D2R signaling towards the D1R. Despite a plethora of behavioral studies dedicated to the understanding of the role of dopamine in addiction, a molecular mechanism responsible for the downregulation of the D2R, in vivo, in response to chronic drug use has yet to be identified.
Introduction
Drugs of abuse cause long lasting alterations in dopaminergic neurotransmission. Dopamine mediates its effects through its action at five distinct receptors (D1, D2, D3, D4 and D5) belonging to the G protein-coupled receptor (GPCR) superfamily. These receptors can be subdivided into two groups: the D1-like (D1 and D5), which are coupled to the stimulatory G proteins G s and G olf , and the D2-like (D2, D3, D4), which are coupled to the inhibitory G proteins G i/o . Disruptions in dopaminergic signaling have been implicated in many neurological disorders, including Parkinson's disease, schizophrenia, Tourette's syndrome, depression and addiction. Importantly, studies using positron emission topography (PET) have consistently shown that nicotine [1] , heroin [2] , alcohol [3] , [4] , methamphetamine [5] and cocaine [6, 7] abuse are accompanied by a decrease in striatal D2 receptor (D2R) availability. Indeed, drug-induced loss of D2R is apparent across multiple species including rodents [8] , primates [6] and humans [2] [3] [4] [5] 7] . Furthermore, studies in drug naïve non-human primates suggest that D2R availability is predictive of future drug seeking behavior [6] . In addition, in socially-housed macaques, D2R availability increases in subjects that achieve social dominance, and is lower in the subjects that become subordinate [9] . In this setting, the subordinate subjects with low D2R availability exhibit significantly greater cocaine seeking than the dominant subjects with high D2R availability. Together, these data suggest that low D2R levels contribute to drug-seeking behavior, whether those levels are inherently low or are decreased due to environmental influences. However, the molecular mechanisms that mediate loss of D2R in vivo remain unclear.
Dopamine receptor mediated signaling is extensively regulated by numerous processes, including, endocytosis, whereby agonist activated receptors are rapidly silenced by removal from the cell surface to an endocytic compartment. Both the D1 and the D2 receptors can be internalized after activation by dopamine [10] . However, one important distinction between D2R and D1R is receptor fate following endocytosis [10] . Specifically, the D1R is rapidly recycled and, thus, returns to the cell surface where it may bind ligand once again. In contrast, the D2R is targeted for degradation in the lysosome through its interaction with the GPCR-associated sorting protein (GASP-1) [11] . Thus, we hypothesized that downregulation of D2Rs in response to cocaine, or other drug exposure that increase dopamine levels, could arise from a GASP-mediated postendocytic degradation of D2Rs. By extension, we hypothesized, that disruption of GASP-1 would interfere with cocaine-induced behavioral plasticity by preventing D2R downregulation.
Repeated exposure to psychostimulants promotes a progressive and long lasting enhancement of drug-induced locomotor stimulation [12] [13] [14] . This phenomenon of ''behavioral sensitization'' is thought to underlie aspects of addiction [14] . Many electrophysiological and cellular neuroadaptations occur during repeated drug use [15, 16] . The precise role of dopamine in these changes is still being vigorously debated. Nevertheless, all drugs of abuse increase dopamine levels and, thereby, activity at the dopamine receptors. Accordingly, here we examined the hypothesis that cocaine-induced behavioral sensitization is mediated by an alteration in the balance of excitatory D1R versus inhibitory D2R signal transduction due to GASP-1 mediated degradation of D2R under conditions of high dopamine tone. We demonstrate that both D2R downregulation and sensitization to repeated cocaine exposure is attenuated in GASP-1 KO mice. Furthermore, we found that either upregulation of D1Rs or downregulation of D2Rs is associated with behavioral consequences in response to acute cocaine exposure.
Results
To examine whether GASP-1 influenced D2R responses in vivo, mice where the GASP-1 gene had been deleted were generated (Fig. 1) . Primary ES screening was performed by Southern (DNA) blotting. A knock-in clone was identified as positive for homologous recombination (with a single Neo integration) using a probe to the 59 region of the GASP-1 gene (Fig. 1B) and a Neo probe (Fig. 1C ). These ES cells were then transfected with Crerecombinase and clones were identified in which exon 5 of the GASP-1 gene, which encodes the entire open reading frame, had been excised. These ES cells were used to generate mice with a disruption of the GASP-1 gene. Mice deficient in GASP-1 expression appeared healthy and indistinguishable from wild type (WT) littermates. To confirm disruption of GASP-1 expression, brain lysates from WT, heterozygous (HET) and KO mice were immunoblotted for GASP-1 (Fig. 1D) . GASP-1 immunoreactivity was absent in GASP-1 KOs and was reduced in HETs. Since the gene encoding GASP-1 is on the X chromosome, no HET males were produced.
There was no difference in locomotor response between male WT and KO or female WT, HET or KO mice when placed in a novel environment, nor any differences observed across genotype and sex when mice were tested on an accelerod (data not shown), indicating that KO mice have no gross motor coordination abnormalities or other motor impairments that might interfere with responses to novelty. All subsequent experiments were performed on male WT and KO littermates, 8 to 12 weeks old.
We next examined whether disruption of GASP-1 altered behavioral responses to cocaine. Acute cocaine sensitivity and development of behavioral sensitization to the locomotor activating effects of cocaine (15 mg/kg, IP for 5 days) was investigated in both WT and GASP-1 KO mice. There was no significant difference in the locomotor activity of WT and GASP-1 KO to acute cocaine treatment after 15 min (Fig. 2A, day 1 ) or 60 min (Fig. 2B, day 1 ) post-injection, or at any point over the remainder of the time course (Fig. 2C, day 1) . However, GASP-1 KO mice exhibited significantly reduced sensitization that also developed more slowly compared to WT mice. Specifically, GASP-1 KO mice showed significantly reduced locomotor activity compared to WTs during the first 15 min post injection on days 3, 4 and 5 ( Fig. 2A, days 3, 4 and 5, *p,0.05, **p,0.01 and ***p,0.001, WT versus GASP-1 KO). GASP-1 KOs also exhibited significantly reduced locomotor activity for the full 60 min time course post-injection compared to WTs on days 4 and 5 ( Fig. 2B , days 4 and 5, *p,0.05, WT versus GASP-1 KO). In addition, while WT mice developed a sensitized response by day 3 ( Fig. 2A, day 3 , ##p,0.01 versus day 1), GASP-1 KO mice did not develop sensitization until day 4 ( Fig. 2A, day 4 , ##p,0.01 versus day 1). Although by day 4, both WT and GASP-1 KO mice displayed a sensitized response, the GASP-1 KO response was significantly blunted on all days (Fig. 2B ,D *p,0.05, **p,0.01 and ***p,0.001, WT versus GASP-1 KO). Finally, while there was no difference in stereotypic behavior between genotypes following their initial exposure to cocaine (Fig. 2E) , WT mice developed significantly higher stereotypic behaviors when compared to GASP-1 knockouts (Fig. 2F , ***p,0.001, **p,0.01 and *p,0.05, WT versus GASP-1 KO). These data suggest that the development of locomotor sensitization to repeated cocaine was significantly attenuated in GASP-1 KO mice.
We next examined whether this paradigm of repeated cocaine administration altered dopamine receptor number. Saturation radioligand binding on striatal membranes using [ 3 H]-SCH23390 revealed no significant change in D1R number in either WT or GASP-1 KO mice following cocaine sensitization ( Fig. 3A and Table 1 ), consistent with the ability of this receptor to recycle following endocytosis [10] . Repeated cocaine treatment led to a 50% decrease in D2Rs ( cocaine versus WT saline). In contrast, there was an increase in D2R number in GASP-1 KO mice treated with cocaine (#p,0.05, GASP-1 KO cocaine versus GASP-1 KO saline). Interestingly, prior to any treatment GASP-1 KO mice had reduced D2R numbers compared to WT mice (*p,0.05 WT saline versus GASP-1 KO saline). Nevertheless, the net effect of cocaine treatment in WT mice is a decrease in the ratio of DR2:D1R (Table 1 , 0.97 in naïve versus 0.62 in cocaine treated mice), while in GASP-KO mice the ratio of D2R:D1R is increased (Table 1 , 0.58 in naïve GASP-1 KO mice versus 0.74 in cocaine treated mice). Together, these data suggest that GASP-1 may mediate the degradation of the D2R in response to repeated cocaine. They also suggest that a change in the ratio of D2R:D1R during cocaine treatment, rather than the absolute ratio per se, influences the expression of behavioral sensitization. Cocaine sensitization in WT and GASP-1 KO mice. Mice were injected daily (IP) with saline (WT n = 27, GASP-1 KO n = 25) or cocaine (15 mg/kg, WT n = 29, GASP-1 KO n = 30) and the distance traveled reported for A. 15 min or B. 60 min post-injection. WT mice exhibited a sensitized locomotor response to cocaine by day 3 (WT cocaine, day 3 versus day 1, ##p,0.01 as analyzed by one-way ANOVA followed by Bonferroni multiple comparison tests between corresponding days), while GASP-1 KOs developed a significantly lower sensitized response within this first 15 min by day 4 (GASP-KO cocaine, day 4 versus day 1 ##p,0.01 as analyzed by one-way ANOVA followed by Bonferroni multiple comparison tests between corresponding days). GASP-1 KO mice showed significantly reduced sensitized locomotor response to cocaine compared to WT mice on all days (GASP-1 KO cocaine versus WT cocaine where *p,0.05, **p,0.01 and ***p,0.001 as analyzed by two-way ANOVA followed by Bonferroni multiple comparison tests between corresponding days). GASP-1 KO mice showed reduced locomotor responsiveness to cocaine after repeated treatment both 15 min (C. ***p,0.001) and 60 min post-injection (D. *p,0.05). E, F. Stereotypic behaviors of WT and GASP-1 KO mice after 1 (E) and 5 (F) days of cocaine exposure. On day 5 there were significant differences in stereotypy at 5, 10 and 15 min (GASP-1 KO cocaine versus WT cocaine where ***p,0.001, **p,0.01 and *p,0.05 respectively as analyzed by two-way ANOVA followed by Bonferroni multiple comparison tests between corresponding days) post-injection between cocaine treated genotypes. Data is presented as mean 6 S.E.M. doi:10.1371/journal.pone.0011038.g002
To directly examine the role of D2R downregulation in mediating locomotor sensitization to cocaine, WT mice were pre-treated for 7 days with either saline, or the D2R-like agonist quinpirole (IP, 0.5, 1 or 5 mg/kg), which has been shown to promote endocytosis and downregulation of D2Rs both in vitro and in vivo (10, 17) . On day 8, all groups were injected with cocaine (IP, 20 mg/kg) and their locomotor activity was examined. Only mice pre-treated with the highest (5 mg/kg) dose of quinpirole showed significantly higher rates of locomotion in response to acute cocaine when compared to saline treated mice (Fig. 4A , ***p,0.001 versus saline pretreatment) and a significant decrease in D2R number (data not shown). For this reason, the 5 mg/kg dose was used in all subsequent experiments.
WT mice were treated once per day for 7 days with 5 mg/kg quinpirole and locomotion was monitored each day. On days 1 and 2, quinpirole decreased the locomotor responses of WT mice when compared to saline treated mice (Fig. 4B , ***p,0.001 and *p,0.05 respectively), which is consistent with previous reports of the locomotor inhibitory effects of D2R agonists [17, 18] . However, by day 3, there was no longer a significant effect of quinpirole on locomotion compared to saline (Fig. 4B ). In addition, by day 4, the locomoter response to quinpirole was significantly reduced compared to the effect on day 1, suggesting that the mice had become tolerant to the locomotor-supressing effects of this drug (Fig. 4B , #p,0.05 qunipirole day 1 versus day 4, ###p,0.001 day 1 versus days 6 and 7).
On day 8, all mice (both saline and quinpirole treated) were injected with cocaine (IP, 20 mg/kg). Consistent with our hypothesis that D2R downregulation contributes to cocaine sensitization, mice pretreated with quinpirole showed significantly greater cocaine-induced locomotor activity (Fig. 4C ) and stereotypic behavior (Fig. 4D ) compared to mice pretreated with saline (***p,0.001, **p,0.01 and *p,0.05). Saline treated mice in this experiment showed reduced locomotion in response to acute cocaine compared to naïve mice in the previous experiment (Fig. 2) . This can likely be attributed to a loss in novelty of the locomotor chamber environment in this but not the previous experiment. Here, mice were exposed to the locomotor boxes for two habituation sessions and then each treatment day to monitor tolerance to quinpirole (Fig. 4B) , whereas mice in Figure 2 experienced only two habituation sessions in the locomotor box before the cocaine treatment day. Despite this loss of novelty, quinpirole pre-treatment induced significantly higher locomotor activity to acute cocaine compared to saline pretreatment (Fig. 4C , ***p,0.001, **p,0.01 and *p,0.05).
Finally, radioligand binding in striatal membranes obtained from the mice from Figure 4 after day 8, demonstrated that quinpirole pretreatment promoted downregulation of D2Rs when compared to saline treated mice, while D1R number was unchanged, thus shifting the D2R:D1R ratio from 0.99 to 0.56 (Table 2 , *p,0.05 quinpirole pretreated versus saline pretreated).
Recent evidence has suggested that many clinically important antipsychotics behave as inverse agonists at the D2R rather than neutral antagonists as first thought [19] . One clinically important dopamine receptor drug, aripiprizole, is a partial agonist, rather than an inverse agonist/neutral antagonist. Unlike the full agonists quinpirole and dopamine, aripiprizole does not recruit b-arrestin 2 [20] and hence does not internalize the D2R in vitro [21] . Furthermore, in vivo, aripiprazole was found to attenuate cocaine self-administration and did not support self-administration when given alone [22] . Therefore, we hypothesized the failure of aripiprazole to internalize D2Rs would reduce the likelihood of D2R downregulation and would therefore not produce a sensitized locomotor response to acute cocaine exposure.
In agreement with previous studies, aripiprazole did not promote endocytosis of D2Rs in vitro [21] , whereas quinpirole did [10] (Fig. 5A) . WT mice were treated with vehicle or with aripiprazole (5 mg/kg) for 7 days. On day 1, aripiprazole decreased the locomotor responses of WT mice when compared to vehicle treated mice (Fig. 5B) . In contrast to quinpirole (Fig. 4B) , aripiprazole maintained locomotor inhibition across all days (Fig. 5B ) (***p,0.001 and *p,0.01, saline treated mice versus aripiprazole treated mice), and showed no significant changes in locomotor inhibition across days compared to aripiprazole treatment on day 1. Hence, mice became tolerant to the locomotor inhibitory effects of quinpirole (Fig. 4B) but not aripriprizole (Fig. 5B) .
On day 8, all mice were injected with cocaine (IP, 20 mg/kg). Mice pretreated with aripiprazole ( Fig. 5C) showed similar increases in the locomotor responses to acute cocaine as mice pretreated with quinpirole (Fig. 4C) . Aripiprizole pretreated mice showed significantly greater cocaine-induced locomotor activity (Fig. 5C ) and stereotypic behavior (Fig. 5D ) compared to mice pretreated with vehicle (***p,0.001 and **p,0.01). This was unexpected, since D2Rs neither recruit arrestins nor internalize in response to aripiprazole in vitro [20, 21] , and we predicted that the failure of the mice to become tolerant to the locomotor inhibitory effects of aripiprizole (Fig. 5B) reflected that D2Rs had not been downregulated in vivo.
Indeed, radioligand binding in striatal membranes obtained from the mice in Figure 5 after day 8, demonstrated that aripiprazole pretreatment promoted no significant downregulation of D2Rs (Table 2) as expected. However, aripiprazole treatment did produce an unexpected upregulation of D1Rs changing the D2R:D1R from 0.99 to 0.63, which was comparable to the change in ratio seen with quinpirole pretreatment (Table 2, Mice become tolerant to the locomotor-suppressing effects of quinpirole. WT C57/BL6 mice were injected daily (IP) with saline (n = 24) or quinpirole (5 mg/kg, n = 24) and their locomotor activity recorded once per day for 7 days. On days 1 and 2, quinpirole reduced locomotor activity when compared to saline treated animals (***p,0.001 and *p,0.05 respectively). WT mice became tolerant to the locomotor inhibitory effects of quinpirole on day 4 and remained so for days 6 and 7 compared to day 1 (#p,0.05 and ###p,0.001 respectively). C, D. Repeated quinpirole pre-treatment augments locomotor response to acute cocaine. On day 8, mice from (B) were injected with cocaine (IP, 20 mg/kg) and their locomotor activity (D) and stereotypy (E) recorded. Mice pretreated with repeated quinpirole showed enhanced locomotor and stereotypic responses to acute cocaine compared to saline treated mice (***p,0.001, **p,0.01 and *p,0.05). Data was analyzed by either one or two-way ANOVA with Bonferroni multiple comparison tests and presented as mean 6 S.E.M. doi:10.1371/journal.pone.0011038.g004
Discussion
Receptor downregulation has long been implicated in adaptive responses to continued pharmacological stimuli. Here, we demonstrate that preventing GASP-1-mediated downregulation of D2Rs is associated with delays in the development of sensitization to the locomotor activating effects of cocaine. In addition, we show that downregulation of D2Rs, or upregulation of D1Rs via repeated dopamine receptor agonist treatment, significantly augments the acute locomotor response to acute cocaine exposure. Thus, we propose sensitization to cocaine reflects a change in the balance of D1-like versus D2-like dopaminergic signaling in favour of the stimulatory D1-G s/olf pathway. Sensitization is thought to underlie at least some aspects of addiction [12, 14] . Thus, our hypothesis is consistent with reports that reduced signaling through G i/o is a contributing factor in cocaine addiction [23] [24] [25] . However, while we favor this hypothesis, we cannot rule out that the three independent manipulations utilized here (disruption of GASP-1, treatment with quinpirole, treatment with aripiprizole), each of which affects the ratio of D2R:D1R, is influencing sensitization to cocaine by a mechanism(s) other than altering this ratio.
Systemic D1R antagonists block both the development [26] and the expression [27, 28] of sensitization. Hence, D1Rs, due to their coupling to G s/olf , could possibly mediate some of the locomotor stimulating effects of dopamine. Indeed, acute, D1R-selective agonists promote locomotor activity [29] while D2R-selective agonists inhibit locomotor activity [30] . Therefore, under conditions of normal dopamine tone, the stimulatory effects of dopamine at the D1-G s/olf -coupled receptors are in balance with the inhibitory effects of D2-G i -coupled receptors. Under these conditions, the D1-like receptors (D1R and D5R) would be expected to endocytose and recycle, while the D2-like receptors (D2R, D3R and D4R) would be expected to show very little endocytosis, due to low receptor occupancy. However, under conditions of high dopamine tone (such as during cocainemediated blockade of dopamine reuptake), the occupancy, and therefore endocytic rate of all receptors would increase. Subsequently, endocytosed D1Rs would continue to recycle, but endocytosed D2Rs would be targeted for degradation via GASP-1. Consequently, the ratio of D1R versus D2R would be shifted towards D1R, especially under conditions of high D2R occupancy.
Antagonists at the D2R would be expected to prevent downregulation of D2Rs by preventing their internalization in response to dopamine [10, 31] . Consistent with this hypothesis, D2R antagonists block the development [16] but not the expression [13] of cocaine sensitization. This change in the balance of D1R and D2R signaling is only one of a plethora of changes that have been shown to occur during repeated drug use. For example, cocaine also increases extracellular glutamate levels. Interestingly, cocaine-induced increases in glutamate appear to be dependent on D1R action [32, 33] , placing this change downstream of the activity at the dopamine receptors.
Recently it was reported that GASP-1 may be involved in the recycling rather than degradation of the D2R, since not only WT but also GASP-1 KO mice showed reduced D2R number following cocaine self-administration [34] . The reason for this difference remains unclear but could be due to several factors. First, our mice were generated in a pure C57Bl/6J background while the mice in [34] are on a mixed 129S2/SvPas/C57Bl/6J background. Hence, variation in genetic background among the mice in could account for differences in D1 and/or D2 receptor numbers. Furthermore, in [34] , mice were sacrificed 60 minutes after the last injection of cocaine rather then 24 hours later as in our experiments. Therefore, the possibility remains that the reduction in D2R number reported in mice self-administering cocaine could be due to receptors having been endocytosed (and thus lost from the membrane preparation) but not yet recycled in the GASP-1 KO mice. Furthermore, spiperone, which was used as the radioligand in [34] recognizes D2R and D4R to a similar extent (Ki 0.06 nM and 0.08 nM respectively) but also has affinity at 5-HT receptors, while raclopride (used in this study) shows increased specificity for D2Rs over D3Rs and D4Rs (Ki 1.8 nM, 3.5 nM and 2400 nM respectively), and little affinity at 5-HT receptors. In addition, substantial downregulation of D2Rs was observed in [34] only in GASP-1 KO mice who had learned to self-administer cocaine, not during sensitization. Currently, it is unknown whether the learning necessary to acquire this task alters the levels of striatal D1 and D2Rs.
Importantly, in vitro, GASP-1 specifically binds to GPCRs that show pronounced proteolysis following prolonged agonist treatment (i.e. DOR [11] , CB1 [35] , bradykinin B1R ( [36] ) and D2R [10] ). In addition, the inhibition of GASP-1 function by either over expression of the dominant negative version of GASP-1, cGASP, or interfering with the interaction of D2R with GASP using an inhibitory antibody, facilitated recycling and recovery of D2R responses rather than enhanced downregulation [10] . Together these data suggest that GASP-1 contributes to receptor degradation. Perhaps surprisingly, we found that GASP-1 KO mice show lower (rather than higher) baseline levels of D2Rs. These lower levels of D2R (and thus a lower baseline ratio of D2R:D1R) did not significantly affect acute locomotor responses to cocaine, suggesting that it is the net change in the ratio of D2R:D1R rather than the absolute ratio that is associated with a sensitized locomoter response. Intriguingly, we recently found that baseline levels of the CB1 cannabinoid receptor, which is also targeted for degradation by GASP-1 [35] , were also lower in GASP-1 KO mice [37] . Thus, we propose that other cellular mechanisms that regulate receptor expression levels, perhaps decreased synthesis or transport of new receptors, may compensate for loss of GASP-1 in the GASP1 KO mice.
In conclusion, here we show that GASP-1-mediated degradation of D2Rs may be a contributing factor to cocaine-induced behavioral sensitization and that the ratio of D1R to D2R correlates with a change in behavioral locomotor response to acute cocaine. Downregulation of D2Rs has been implicated in the pathology of multiple neuropsychiatric disorders, and more than 50 drugs that target members of the dopamine receptor family have been developed as pharmacological interventions. Importantly, for the vast majority of these ligands, the effects of the drugs on the endocytic and postendocytic trafficking of the five distinct dopamine receptors remains undetermined. Our studies here clearly demonstrate that receptor trafficking can affect behavioral outcomes in rodent models of drug-induced behavioral plasticity, and suggest that an understanding of receptor trafficking could provide novel insight into the therapeutic utility of future pharmacological therapies. Acute aripiprazole inhibits locomotion. WT C57/BL6 mice were injected daily (IP) with vehicle (n = 24) or aripiprazole (5 mg/kg, n = 24) and their locomotor activity recorded once per day for 7 days. Aripiprazole reduced locomotor activity when compared to vehicle treated animals across all 7 days (*p,0.05, ***p,0.001) and there was no significant change in the effect of aripiprazole and any day compared to day 1. C, D. Repeated aripiprazole pretreatment augments locomotor response to acute cocaine. On day 8, mice from (B) were injected with cocaine (IP, 20 mg/kg) and their locomotor activity (D) and stereotypy (E) recorded. Mice pretreated with repeated aripiprazole showed enhanced locomotor and stereotypic responses to acute cocaine compared to saline treated mice (***p,0.001, **p,0.01 and *p,0.05). Data was analyzed by either one or two-way ANOVA with Bonferroni multiple comparison tests and presented as mean 6 S.E.M. doi:10.1371/journal.pone.0011038.g005
